Trans-generational immunization is defined as the transmission of an enhanced resistance to a pathogen from parents to offspring. By using the host -parasite system of the ant Crematogaster scutellaris and the entomopathogenic fungus Metarhizium anisopliae, we describe this phenomenon for the first time in ants. We exposed four groups of hibernating queens to different treatments (i) a non-lethal dose of live conidiospores in Triton, (ii) a dose of heat-killed conidiospores in Triton, (iii) a control Triton solution, and (iv) a naive control. We exposed their first workers to a high dose of conidiospores and measured mortality rates. Workers produced by queens exposed to live conidiospores survived longer than those belonging to the other groups, while exposure to Triton and dead spores had no effect. Starved workers showed a significantly higher mortality. The treatments did not influence queen mortality, nor the number of offspring they produced at the emergence of the first worker, showing no evidence of immunization costs-at least for these parameters in the first year of colony development. We propose that trans-generational immunization represents an important component of social immunity that could affect colony success, particularly during the critical phase of claustral foundation.
Background
Among insects, social species show a vast series of collective behavioural and organizational defences against parasites, grouped under the term social immunity [1] . Social insects also possess several physiological mechanisms to avoid parasites and cope with infections [2] . The immunization phenomenon is a physiological process that improves the resistance to a pathogen after a first exposure [2] [3] [4] . When the immunization is specific to the particular parasite it is referred as immune priming [4] . Immunization can be transmitted both vertically and horizontally among colony members [5] [6] [7] [8] [9] , and when it occurs from parents to offspring it is referred to as trans-generational immunization (TGI).
Although the transmission of immune factors is hypothesized to represent an important component of social immunity [1] , the occurrence of TGI has only been demonstrated in bees and termites [5, 6, 8, 9] . In ants, there is evidence for the existence of immunization in a few species [10, 11] , but definitive evidence of its transmission is still lacking. Ugelvig & Cremer [7] found that workers of Lasius neglectus showed a higher resistance to the entomopathogenic fungus Metarhizium anisopliae after 5 days of coexistence with nest-mates exposed to live conidiospores of this pathogen, but this was due to transfer of the pathogen among individuals rather than by physiological mechanisms [12] .
We investigated whether the exposure to Metarhizium anisopliae elicits TGI in the acrobat ant Crematogaster scutellaris during the crucial phase of colony foundation. Colony foundation in this species is claustral by a single mated queen [13] . In species with claustral foundation, future queens rely only on physiologically stored reserves to found the nest and rear the first cohort of workers. Under laboratory conditions, a large fraction of C. scutellaris foundresses fail in producing workers and die before winter, but if a single worker is produced, queens usually survive and produce successful colonies [13, 14] . A trans-generational transmission of immune factors could protect the crucial investment represented by the first workers.
Material and methods
In winter 2016 -2017 we collected hibernating foundresses of C. scutellaris around Florence, Italy. We allowed them to hibernate in round plastic containers (2 cm Â 1.5 cm) in controlled conditions (78C temperature, 80% humidity). On 10 February, we used 60 of these foundresses to assess the lethal dosages (LD) of M. anisopliae conidiospores (Monsanto Met52 w , see electronic supplementary material, Supplementary methods). On 28 February, four groups of 35 hibernating foundresses each were prepared. Three treatments (Triton solution, live conidiospores and dead conidiospores) were differently combined in the four groups as follows; we dipped the foundresses of the first (Mtspores) group in the LD10 suspension (3 Â 10 5 CFU ml 21 ) of Triton and live spores for 3 s. We dipped the foundresses of the second group (dead Mtspores) in the same suspension after killing the conidiospores by autoclaving at 1208C for 20 min and plating the solution to verify the absence of CFU. The third group (Triton) was dipped in the Triton solution (0.01%). The fourth naive group did not receive any treatment. To facilitate the germination of conidiospores, the foundresses, excluding the naive group, were kept at 100% humidity. After 2 days, when the conidiospores had firmly attached to the host's cuticle and can no longer be transferred to nest-mates [12] , we moved the foundresses to sterile plastic containers. The foundresses were then reared in darkness in a thermostatic room (20-258C temperature, 80% humidity). We recorded queen mortality on a weekly basis until 8 August (150 days). In each colony, at the emergence of the first adult worker, we counted the number of immature offspring, and added a plastic Petri dish (5 cm diameter) where we supplied ad libitum water, sugar and chopped dry dog food. We exposed the foraging chamber to a 12 -12 h LD cycle and covered the queen chamber with aluminium foil to maintain dark conditions.
The next stage of the experiment involved exposing workers to a high dose of Metarhizium conidiospores. We did not remove a worker until a younger worker had emerged to maintain queens in colonial phase. To standardize the age of workers, we used workers once they had reached 5 -10 days of age. For each colony, we used a maximum of eight workers. Workers were dipped for 3 s in the Metarhizium LD80 suspension (3 Â 10 4 CFU ml
21
) and then isolated in a small plastic container with a plaster base to maintain 90% humidity. Because there can be costs of immunization only evident in starvation [15] , we randomly assigned workers in each colony to two different diet treatments after the challenge: starved and fed with ad libitum sugar. After the trial, we checked mortality daily for two weeks. All the exposed ants showed an outgrowth of the fungus after their death.
We modelled the survival of queens and workers by using Cox regressions. For foundresses, by using the 'coxph' function of the 'survival' R package, we tested the effect of the three treatments: Triton (administered to Triton, Mtspores and dead Mtspores queens versus naive queens); live spores (administered to Mtspores queens) and dead spores (administered to dead Mtspores queens). For workers, we also included, in a mixed effects Cox regression ('coxme' function of the 'coxme' package), the diet treatment, its interactions with the treatments, the order of emergence and two random factors: colony membership and day of challenge. We performed analyses of variance on Cox regressions using the 'anova' function to assess the effects of the variables and their interactions and the 'summary' function to evaluate, for each variable, the ratio in death hazard between treatments (hazard ratio). We compared the count variable of immature offspring produced by queens under different treatments with a negative binomial GLM using the 'glm.nb' function of the 'MASS' package and obtained a type III analysis of variance by using the 'Anova' function of the 'car' package. The datasets and the scripts are available as electronic supplementary material.
Results
None of the three treatments revealed a significant influence on queen survival during the 150 days of observation ( figure 1a, table 1 ). The hazard of workers produced by the queens exposed to live conidiospores was less than half of that of workers of the other treatments, resulting in a significantly lower mortality for the live spores group (figure 1b, table 1). Starvation increased mortality focused in the third and fourth days after infection, without any interaction with treatments (table 1; electronic supplementary material, figure S1 ). Nevertheless, the hazard ratio between starved workers and fed workers was quite low (1.110, table 1). rsbl.royalsocietypublishing.org Biol. Lett. 14: 20170761
Treatment of queens with Triton and heat-killed conidiospores did not affect worker survival ( figure 1b, table 1 ). The three treatments did not affect the number of immature offspring occurring in the colonies at the emergence of the first worker ( figure 2, table 2 ).
Discussion
Crematogaster scutellaris foundresses exposed to a non-lethal dose of M. anisopliae did not show reduced survival and produced a similar number of offspring compared to control groups in the first colonial season. Offspring produced by queens exposed to M. anisopliae showed a lower mortality than workers belonging to the other treatments. The hazard of Mt spores workers was halved with respect to the other groups, with a final survival of 31.1% compared to 13.1% in the other treatments. Such a survival increase of 18.0% is similar to values reported in TGI literature (11% in Tenebrio molitor beetles [16] ; 23% in Penaeus monodon shrimps [17] , 26% in honeybees [8] ). In ants, the immunization response varies among species and depends on the physiological or social status of individuals. Workers, virgin and mated queens of Formica selysi did not show higher resistance to the entomopathogenic fungus Beauveria bassiana after previous exposure [11] . Lasius niger mated queens, as opposed to conspecific virgin queens, showed evidence of immunization against the same pathogen [10] . In our experiment the overall immune response was affected by the status of workers since fed individuals coped better with the parasite in the first days of the infection. Diet treatment, however, did not interact with the immunization phenomenon, increasing survival in all the treatment groups similarly.
The fact that many studies used infection routes differing from natural ones (e.g. systemic versus oral or epicuticular), and that pathogens used to elicit immunization have been applied either alive or dead but rarely in both forms, has complicated the understanding of immune response mechanisms [2] . In other studies, microbes were introduced into the insects via injection, thus producing an immunological recognition of dead pathogens [2] . In our study heat-killed conidiospores did not induce TGI through the natural epicuticular infection route, thus the induction of TGI in C. scutellaris likely involves pathogen infection through an active penetration of the host cuticle.
Although it is theorized that immunization implies some form of cost, they have been rarely assessed in social insects. Queens exposed to the pathogen did not show reduced Table 1 . Hazard ratios and analysis of variance for Cox regression of 140 queens exposed to a combination of three treatments (Triton, Mtspores, dead Mtspores) (left) and of 223 workers (right) produced by foundresses exposed to the same treatments. The effects of order of emergence, worker diet (starved or fed) and its interactions are also reported. Significant effects are given in italics. survival during our observations, including all the claustral phase and the first growing season of the colony. As such, if some costs are incurred in queens and workers, they are not so critical as to increase mortality. Finally, exposed queens did not produce a lower number of offspring, excluding a possible trade-off between surviving with a parasite and investing in reproductive output, at least during the claustral phase.
In conclusion, we found, for the first time in ants, that founding queens exposed to a non-lethal dose of an entomopathogenic fungus produce offspring with an increased resistance to the same pathogen. This phenomenon did not reveal apparent costs to foundresses and workers, at least with respect to their survival and reproductive output. Although TGI can also represent an adaptive phenomenon occurring in mature colonies, we argue that an enhanced resistance during initial colony founding can protect the fundamental resource represented in the first cohort of workers which crucially contribute to queen and colony survival [6, 13] .
Data accessibility. Data and scripts are available as electronic supplementary material.
